Abstract Planar microelectrode arrays (MEAs) are widely used to record electrical activity from neural networks. However, only a small number of functional recording sites frequently show electrical activity. One contributing factor may be that neurons in vitro receive insufficient synaptic input to develop into fully functional networks. In this study, electrical stimulation was applied to neurons mimicking synaptic input. Various stimulation paradigms were examined. Stimulation amplitude and frequency were tailored to prevent cell death. Two effects of stimulation were observed when 3-week-old cultures were stimulated: (1) clusters of neural cells were observed adjacent to stimulating electrodes and (2) an increase in spontaneous neuronal activity was recorded at stimulating electrodes. Immunocytochemical analysis indicates that stimulation may cause both new neuron process growth as well as astrocyte activation. These data indicate that electrical stimulation can be used as a tool to modify neural networks at specific electrode sites and promote electrical activity.
Introduction
Planar microelectrode arrays (MEAs) have been widely used to record neural activity and to stimulate neurons in vitro [3, 9, 10, 12, 13, 19, 21] . However, the ability to consistently record signals from low-density neuronal networks is problematic, despite neuronal location [14] . We have previously used microcontact printing (lCP) to produce patterned neural networks [14] . In this design, neuron cell bodies were directed to attach to stimulating and recording electrode sites on MEAs. However, despite the presence of neurons adjacent to electrode sites, action potentials were not always recorded. Signals were recorded from less than half the number of active electrodes, even at relatively high-cell densities [5, 14, 18] . This recording inefficiency can be an obstacle for the optimal use of MEA technology. While low recording efficiency may result from poor electrode performance, the integration of neurons into networks may also be a major factor. Thus, lowsignal detection may be due to low intrinsic activity in lowdensity neuronal cultures. The low-intrinsic activity may be a function of the relatively low number of inputs, e.g., synapses, that may occur in low-density in vitro neural networks compared to neurons in vivo [5, 14, 18] .
We hypothesize that low-intrinsic activity may be due to insufficient stimuli during network development of lowdensity cultures and that applied transient electrical stimulation will promote a more complete neural network development. In order to establish effective stimulation conditions, we tested three parameters: (1) stimulation at different times after neuron plating in order to determine when during culture development stimulation is most effective, (2) stimulus frequency, and (3) stimulus amplitude. A custom-designed ASIC (application-specific integrated circuit) chip was developed as a portable current stimulator, capable of delivering programmed, biphasic-current stimulations. Finally, in order to more clearly describe stimulation effects, stimulation-dependent changes in cell morphology and synapse distribution were examined using immunocytoand cyto-chemistry. Results demonstrate that stimulation at critical times and with specific conditions can promote increased numbers of units recorded at stimulation electrodes by clustering neuronal cells near stimulation electrodes. Stimulation produced increases in numbers of both cells and identified pre-and post-synaptic sites. These results support our hypothesis that electrical stimulation can promote more complete neural network development and suggests that programmed stimulation across electrodes on MEAs may be used to establish designed networks of neurons.
Materials and methods

Microelectrode arrays
Microelectrode arrays were fabricated as described previously [14, 24] . MEAs had 32 electrodes (10 · 10 lm 2 ; 4 · 8 arrays) with a 200-lm interelectrode spacing. Prior to culture, a sterile Teflon ring was attached to the MEAs using polydimethylsilaoxane elastomer (PDMS, Sylgard 184; Dow Corning, Midland MI) to make a culture chamber. The mean measured electrode impedance was 1.91 MX in phosphate-buffered solution (PBS) at 1 kHz measured using a potentiostat (IM6e model, Zhaner Inc., Germany). In order to decrease electrode impedance, electrodes were electroplated with platinum black. (Electroplating solution: 1% H 2 PtCl 6 , 1 M NaCl, 0.6 g/L lead acetate; electroplating conditions: constant voltage À0.05 V vs. an Ag/AgCl reference electrode for 90 s). The impedance of platinized electrodes was 112 ± 41 kX. After electroplating, MEAs were rinsed three times in deionized (DI) water. MEAs were used repeatedly. Between each culture experiment, MEAs were treated with household bleach to remove cellular debris, sequentially sonicated in acetone, ethyl alcohol, and DI water (15 min for each step), and dried using a stream of nitrogen gas. Electrodes were re-platinized if the impedance was found to increase during the cleaning process. Immediately prior to use, MEAs were treated with oxygen plasma for 1 min and poly-L-lysine solution was added to the culture chamber. MEAs were incubated at 37°C overnight in a humidified atmosphere. MEAs were rinsed with DI water three times before plating new cultures.
Stimulator implementation
A biphasic-current stimulator chip was fabricated using a 0.8-lm high-voltage complimentary metal-oxide semiconductor fabrication process at Austria Micro-systems Corporation as described previously [15] . The chip was designed to generate continuous biphasic-current pulses. The amplitude, duration, and pulse rate were programmable in the range of 2-1,024 lA (2 lA step), 16-496 ls (16 ls stepwise), and 5-220 Hz (64 levels) respectively. An electrostatic discharge protector was built at all input and output pads of the chip to protect the circuit from external shock or electrostatic discharge. The stimulator can be operated continuously in the maximum condition for 20 days by two conventional mercury batteries. A circuit diagram for the stimulator is shown in Fig. 1 .
Cell cultures
Primary hippocampal neurons were prepared as previously described [8] . Briefly, brains were isolated from embryonic day-18 rat pups (Sprague-Dawley rats; Taconic Farms, Germantown, NY, USA). Hippocampi were dissected under a stereomicroscope and placed in ice-cold balanced saline solution (BSS) following dissection. Tissues were then incubated in 0.25% trypsin (Sigma, St Louis, MO, USA) for 15 min at 37°C. After digestion, hippocampi were rinsed three times in BSS for 10 min each, before being triturated with a fire-polished Pasteur pipette. Neurons were seeded at densities of 200 cells/cm 2 on MEAs, in minimal essential medium (MEM) supplemented with 10% horse serum and 0.1% pyruvic acid (Invitrogen, Carlsbad, CA, USA). Immediately after placing the cell suspensions in the MEA chambers, individual devices were gently agitated several times to ensure uniform cell distribution. After 4 h, the MEM plating medium was replaced with serum-free Neurobasal media (Invitrogen) supplemented with B27 (Stem Cell Technologies, Vancouver, Canada) and 2.0 mM GlutaMAX (Invitrogen) [4] . Cultures were maintained at 37°C in a 5% CO 2 , 95% air-humidified atmosphere. Half of the media was replaced with fresh media twice a week. All animal procedures were approved by the Wadsworth Center Institutional Animal Care and Use Committee.
Stimulation conditions
Stimulators were connected to MEAs by a custom-made connector. Stimulators were placed into a sterile glass beaker sealed with Parafilm to ensure corrosion did not occur during long-term incubation. Various stimulation paradigms were tested, including the time of initiating stimulation after cell plating, pulse amplitudes, and pulse rates. Cathodic-first biphasic-current pulses with the 50 ls pulse-width (for each phase) were used for all experiments.
To determine when stimulation would affect neuron function, cultures were stimulated after 1, 7, 14, and 21 days in vitro (DIV) using 20 Hz pulses at 15, 30 and 60 lA. To determine if stimulation frequency affected responses, stimulation pulses with different frequencies (5, 20, 100 Hz) were applied to cultures at DIV 14. The cells were observed and imaged under phase-contrast microscope (Leitz Diavert, Germany) every 24 h during the stimulation. All stimulation sessions were performed inside the cell culture incubator and consisted of 72 h of stimulation unless cell death occurred.
Electrophysiological recordings of neurons following stimulation
Spontaneous activity was measured at the electrodes before and after the stimulation. During electrophysiological experiments, the growth medium was replaced with recording medium [HEPES-buffered Hanks' saline (HBHS)]. The media temperature was maintained at 36.5°C by placement on a resistive heated stage. A Ag/AgCl wire was immersed into the recording media in the culture chamber as the reference electrode for extracellular recording. Signals from recording sites were amplified with a gain of 10,000 and filtered (0.3*5 kHz, 40 dB/decade) using a differential AC amplifier (Model 1700, A-M Systems, Inc., Sequim, WA, USA). The signals were sampled at the frequency of 20 kHz and digitized by a data acquisition device (NI 6024E, National Instruments Corp., Austin, TX, USA). Recording was performed with background noise less than 10 lVrms.
Immunocytochemistry
Following stimulation, cells were processed for immunocytochemistry using the following protocol [8] . Briefly, MEAs were rinsed in Ca 2+ Mg 2+ -free HBHS pre-warmed to 37°C for 2 min. Cells were fixed in 4% paraformaldehyde for 20 min at 37°C. Cells were next rinsed in HBHS for 5 min and blocked in 6% BSA for 30 min at room temperature. MEAs were then rinsed once in HBHS and incubated in the following primary antibodies: anti-beta III Fig. 1 Schematic circuit diagram of the current stimulator chip. Biphasic current is generated by the complementary switching between ffi, Ð and ffl, switches. The amplitude of the stimulation current is controlled stepwise by a 9-bit current digital to analog converter (DAC) tubulin (chicken polyclonal, 1:500, Chemicon) and anti-GFAP (glial fibrillary acidic protein; mouse monoclonal, 1:200; Sigma) for 1 h at 37°C. MEAs were next rinsed three times in HBHS and incubated in secondary antibodies Alexa 647 goat anti-chicken (Molecular Probes, 1:500) and Alexa 546 rabbit anti-mouse (Molecular Probes, 1:500) for 1 h at 37°C. GFAP was used for identification of glial cells. Positive beta III tubulin labeling identifies neuronal cell bodies and processes, both axons and dendrites. Cell nuclei were stained with DAPI (25 lg/ml). MEAs were finally rinsed three times in HBHS. Glass coverslips were mounted onto MEAs with a mounting medium consisting of 50:50 HBHS and glycerol saturated with n-propyl gallate. Fluorescently labeled cells were imaged using an inverted Nikon TE2000 epifluorescence upright microscope with an Optronics Magnafire CCD camera (Olympus, Melville, NY, USA) and the Image-Pro AMS processing software (Media Cybernetics, Inc. Silver Spring, MD, USA).
Results
The effects of various stimulation paradigms were examined in primary cultures of hippocampal neurons, beginning 24 h after plating to 3 weeks in vitro (DIV 21). There was a strong correlation between culture age and cell survivability following electrical stimulation. At early culture time-points (<DIV 7), cell debris and cell necrosis were observed around stimulating electrodes after stimulation at both 30 and 60 lA (Fig. 2a) . However, when identical stimulation parameters were used at DIV 14, cell death was only observed at the 60 lA stimulation condition. At 21 DIV, little or no cell death was observed at either 30 or 60 lA stimuli ( Table 1) . Stimulation of 30 and 60 lA at 3 weeks in vitro occasionally caused aggregation of cells around stimulating electrodes. Cell aggregation was observed using different stimulation conditions (Fig. 2c) . Stimulations with different pulse rates also caused changes in DIV 14 cell viability as shown in Table 2 . While there was no cell death at 5 Hz stimulation, 100 Hz stimulation induced cell death at both 30 and 60 lA. Cell death was also observed in two cultures when the stimulation condition was 20 Hz, 60 lA.
When cell aggregation was observed at stimulating electrodes after 24 h stimulation, spontaneous activity was also recorded, even when no activity was recorded before stimulation (Fig. 3) . The increased activity may have resulted from rearrangements of neurons, e.g., clustering near the electrode, stimulation of the neural network, or a combination of both.
After the electrical stimulation (20 Hz, 30lA) for 3 days, immunocyto-and cyto-chemistry were used to more thoroughly describe changes in cell morphology and distribution around stimulating and control electrodes in the same cultures. The ability to observe changes in neurons and astrocytes was simplified by plating culture at lower cell densities (Fig. 4) . Several changes were observed. First, there appeared to be an increase in the number of b-tubulin-positive neuronal processes. Second, there was an increase in GFAP labeling of astrocytes. Third, an increase in the number of DAPI-labeled nuclei was observed. These data indicate that stimulation may promote neuron process growth and astrocyte activation.
Discussion
These data demonstrate that focal electrical stimulation of hippocampal neurons in primary cell culture can be used to modify neuron connectivity and activity. The effects of stimulation were dependent on both the age of culture and the applied stimulation. Stimulation at earlier culture times resulted in cell death. As the age of cultures increased (i.e., increasing time in vitro), the viability of cells to electrical stimulation, at both higher stimulation strengths and higher frequencies, also increased. This time-dependent effect may be the result of neuron growth and differentiation, especially in relation to total neuron membrane area, e.g., process length and numbers of synaptic contacts. These factors may permit greater current dissipation.
Aggregation of neuronal cells to stimulating electrodes was observed only in cultures over 3 weeks in vitro. Dielectrophoresis (DEP) has been used in previous studies for inducing cellular movements by the application of an external electric field [11, 20] . However, the range of stimulation used in this study is distinct from that of DEP. Based on these data we believe that DEP was not a significant contributor to the cell aggregation observed in our experiments. Immunocytochemical identification of cells in these older cultures indicates that both neurons and astrocytes respond to stimulation. Astrocytes appeared to respond in two ways. First, there appears to be increased activation of these cells as observed by increased GFAP labeling and increased cell size. Second, there appears to be an increase in astrocyte cell number, corresponding to a clear increase in the number of nuclei around stimulated electrodes. This increase is most likely due to astrocyte cell division, since neurons are post-mitotic and will not reenter the cell cycle. The role of astrocytes in stimulationdependent aggregation is also supported by several other observations. First, astrocytes represent a very small portion of the initial cell preparation [1] ; however, these few ''contaminating'' cells will proliferate over time and by DIV 21 can be present in significant numbers ( [6] and unpublished observations). Second, observations using phase microscopy, (where only cell morphologies can be observed) together with actin labeling, indicate that flat, well-spread cells are frequently associated with aggregation. Cells with these morphologies are labeled with GFAP (Fig. 4) . We hypothesize that the aggregation of neurons to stimulating electrodes requires astrocytes. Aggregation thus occurs because stimulation promotes astrocytes to move toward electrodes. Neuron aggregation may occur because neurons prefer to grow on top of astrocytes and they are carried to the electrodes by the astrocytes. Alternatively, glia provide signals to neurons to direct path finding and targeting [7] ; thus aggregation may result from surface or soluble signals that guide neuron process growth or migration during development [2, 17] . These interpretations are consistent with our observations that aggregation does not occur at all electrodes. A more complete test of this hypothesis will require using labeled astrocytes in cultures and performing real-time imaging in order to clearly identify and track astrocytes before and after stimulation. (Such experiments can be performed using cultures inoculated with astrocytes expressing fluorescent proteins, e.g., cells transfected with green fluorescent protein that is controlled by GFAP promoters [22, 25] .) Interestingly, we have observed GFAP-labeled cells near the stimulating electrodes while there were few glial cells at unstimulated electrode sites (unpublished observations). This observation indicates that stimulation does promote astrocyte movement and/or cell division resulting in clustering around the stimulation site. One of our initial hypotheses was that electrical stimulation may increase neuron spontaneous activity, by mimicking the large amount of synaptic input characteristic of developing neurons in vivo. Typically, spontaneous activity is observed between 7 and 10 DIV [4, 16] . Furthermore, the formation and turnover of synapses has been shown to be dependent on the activity of the network [23] . Our results support this hypothesis, since increased spontaneous activity was observed at electrodes used for electrical stimulation. These results demonstrate that electrical stimulation of established neuron cultures can modify neuron networks by both promoting changes in their physical organization, e.g., aggregation, and electrical activity, e.g., recording of spontaneous electrical activity. We suggest that electrical stimulation may be used to enhance the maturation of neural networks in vitro.
Conclusion
These results describe the effects of electrical stimulation parameters on cultured neural networks. Changes in neurons were dependent on culture age. The greatest effects were observed in cultures over 3 weeks in vitro. Two effects were observed: (1) aggregation of neurons and astrocytes to stimulating electrodes and (2) an increase in recorded spontaneous activity in neurons. Thus, electrical stimulation may be used to modify neuron networks in established cultures of neurons. This may provide additional important tools for establishing neural networks in vitro.
